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SUMMARY 
A numer i ca l  a u t o m a t i o n  p r o c e d u r e  has been developed t o  be used i n  con junc-  
t i o n  w i t h  an i n v e r s e  hodograph method f o r  t h e  d e s i g n  of  c o n t r o l l e d  d i f f u s i o n  
b l a d e s .  W i th  t h i s  p rocedure  a cascade of a i r f o i l s  w i t h  a p r e s c r i b e d  s o l i d i t y ,  
i n l e t  Mach number, i n l e t  a i r  flow a n g l e  and a i r  f low t u r n i n g  can be produced 
a u t o m a t i c a l l y .  The t r a i l i n g  edge t h i c k n e s s  o f  t h e  a i r f o i l ,  an i m p o r t a n t  quan- 
t i t y  i n  i n v e r s e  methods, i s  a l s o  p r e s c r i b e d .  
The a u t o m a t i o n  procedure  c o n s i s t s  o f  a m u l t i d i m e n s i o n a l  Newton i t e r a t i o n  
i n  wh ich  t h e  o b j e c t i v e  des ign  c o n d i t i o n s  a r e  ach ieved by  a c t i n g  on t h e  hodo- 
g raph i n p u t  parameters o f  t h e  u n d e r l y i n g  i n v e r s e  code. The method, a l t h o u g h  
more genera l  i n  scope, i s  a p p l i e d  i n  t h i s  paper  t o  t h e  d e s i g n  o f  a x i a l  f low 
compressor b lade  s e c t i o n s ,  and a wide range o f  examples i s  p resen ted .  
INTRODUCTION 
Three d imens iona l  flow a n a l y s i s  codes a r e  i n c r e a s i n g l y  p l a y i n g  a more 
i m p o r t a n t  r o l e  i n  t h e  d e s i g n  process  o f  a x i a l  t u r b o m a c h i n e r y  b l a d i n g .  These 
codes a r e  g e n e r a l l y  used t o  a n a l y z e  b lade  c o n f i g u r a t i o n s  t h a t  have been 
des igned by two-d imensional  methods. The f a s t  computer g e n e r a t i o n  o f  two- 
d i m e n s i o n a l  b l a d e  s e c t i o n s  w i t h  p r e s c r i b e d  aerodynamic c h a r a c t e r i s t i c s  s t i l l  
has a c e n t r a l  ro le  i n  t h e  b lade  des ign  process .  
I n v e r s e  hodograph codes f o r  t h e  d e s i g n  o f  c o n t r o l l e d  d i f f u s i o n  b lades  
have proven t o  be an e x c e l l e n t  source  o f  i n n o v a t i v e  des igns ,  b o t h  i n  t h e  sub- 
s o n i c  and t h e  t r a n s o n i c  reg ime ( r e f s .  1 to  3). One advantage o f  these methods 
o v e r  d i r e c t  des ign  methods, a s i d e  from t h e  g e n e r a t i o n  of s h o c k - f r e e  a i r f o i l s ,  
i s  t h a t  t h e  des ign  p h i l o s o p h y  can be i n c o r p o r a t e d  i n t o  t h e  d e s i g n  process  from 
t h e  s t a r t ,  by impos ing  a g i v e n  s u r f a c e  speed d i s t r i b u t i o n  which r e f l e c t s  t h e  
d e s i r e d  aerodynamic b e h a v i o r .  Also, because t h e  geometry i s  t o t a l l y  c o n s t r u c -  
t e d  by  t h e  method, i t  can produce body shapes t h a t  c o u l d  h a r d l y  be p r e d i c t e d  
w i t h  d i r e c t  methods ( r e f .  4 ) .  I n  g e n e r a l ,  t h e  use o f  i n v e r s e  hodograph meth- 
ods r e q u i r e s  e x p e r t i s e  on t h e  p a r t  o f  t h e  use r ;  i t  h a r d l y  can be seen as a 
" b l a c k  box"  method. 
Bo th  d i r e c t  and i n v e r s e  methods r e q u i r e  an i t e r a t i o n  procedure  to  gener-  
a t e  a b l a d e  s e c t i o n  t h a t  m e e t s  t h e  d e s i r e d  f l o w  c h a r a c t e r i s t i c s .  I n  t h e  
d i r e c t  d e s i g n  method a s p e c i f i e d  geometry i s  m o d i f i e d  by i n t e r a c t i n g  w i t h  a 
two-d imens iona l  flow s o l v e r  u n t i l  t h e  d e s i r e d  f l o w  c o n d i t i o n s  a r e  met.  I n  t h e  
case o f  i n v e r s e  hodograph methods, an a i r f o i l  w i t h  a p r e s c r i b e d  speed d i s t r i b u -  
t i o n  i s  o b t a i n e d  b u t  an i t e r a t i o n  process  i s  s t i l l  necessary  t o  a c h i e v e  the  
o t h e r  g e o m e t r i c  and flow r e q u i r e m e n t s .  
I n  t h i s  paper  an automated procedure  i s  p r e s e n t e d  t h a t  has been developed 
f o r  use w i t h  t h e  I n v e r s e  Hodograph Des ign  Code (LINDES) d e s c r i b e d  i n  r e f e r -  
ence 5 .  I n  t h i s  code, t h r e e  i n p u t  hodograph d e s i g n  parameters  and a p r e s c r i b e d  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  c o n t r o l  t h e  f low c h a r a c t e r i s t i c s  a t  t h e  d e s i g n  
p o i n t .  The s o l i d i t y  o f  t h e  cascade, t h e  i n l e t  Mach number, and t h e  i n l e t  a i r  
f low a n g l e  a r e  b r o u g h t  t o  t h e i r  d e s i r e d  v a l u e s  by  m o d i f y i n g  t h e  t h r e e  hodo- 
graph d e s i g n  parameters i n  s u c c e s s i v e  computer r u n s .  The 1 f t  imposed by t h e  
i n p u t  p r e s s u r e  d i s t r i b u t i o n  d e t e r m i n e s  t h e  a i r  flow t u r n i n g  o f  t h e  cascade. 
The a u t o m a t i o n  procedure  d e s c r i b e d  i n  t h i s  paper  c o n s i  t s  o f  a m u l t i d i m e n -  
s i o n a l  Newton method i n  wh ich  t h e  o b j e c t i v e  f u n c t i o n s  a r e  t h e  cascade s o l i d -  
i t y ,  t h e  i n l e t  Mach number, t h e  i n l e t  a i r  f low a n g l e ,  t h e  a i r  f low t u r n i n g ,  
and t h e  t r a i l i n g  edge c l o s u r e  or gap c o n d i t i o n s .  An i n p u t  speed d i s t r i b u t i o n  
w i t h  t h r e e  f r e e  parameters i s  used i n  t h e  a u t o m a t i o n  procedure .  The Newton 
i t e r a t i o n  w i l l  t h e n  use s i x  independent  v a r i a b l e s  t o  a c h i e v e  s i x  o b j e c t i v e  
f u n c t i o n s .  
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SYMBOLS 
t r a i l i n g  edge t h i c k n e s s  
s t reamwise t r a i l i n g  edge gap 
l o c a l  Mach number 
hodograph i n p u t  parameter  t o  c o n t r o l  i n l e t  Mach number 
i n l e t  Mach number 
peak v a l u e  o f  i n p u t  speed d i s t r i b u t i o n  
t r a i l i n g  edge speed 
hodograph i n p u t  parameter  t o  c o n t r o l  s o l i d i t y  
s u c t i o n  t o  p r e s s u r e  s i d e  a r c  l e n g t h  r a t i o  
i n l e t  a i r  a n g l e  
a i r  f low t u r n i n g  
hodograph i n p u t  parameter  t o  c o n t r o l  i n l e t  a i r  a n g l e  
c a n o n i c a l  complex c h a r a c t e r i s t i c  hodograph v a r i a b l e s  
dens i t y  
cascade s o l i d i t y  
p o t e n t i a l  and s t ream f u n c t i o n s  
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FIGURES NOMENCLATURE 
BET1 
BET2 
DELB 
DNTE 
DSTE 
LOSS 
M1 
M2 
SOL 
TEV 
THCR 
i n l e t  a i r  a n g l e ,  131 
e x i t  a i r  a n g l e  
a i r  f l o w  t u r n i n g ,  AB 
i n v i s c i d  t r a i l i n g  edge t h i c k n e s s ,  d n t e  
i n v i s c i d  s t reamwise t r a i l i n g  edge gap, d s t e  
loss c o e f f i c i e n t  
i n l e t  Mach number, M i  
e x i t  Mach number 
s o l i d i t y ,  u 
t r a i l i n g  edge t h i c k n e s s  a f t e r  boundary l a y e r  s u b t r a c t i o n  
maximum t h i c k n e s s  t o  c h o r d  r a t i o  
THE BASE I N V E R S E  HODOGRAPH METHOD 
The base i n v e r s e  d e s i g n  code used f o r  t h e  a u t o m a t i o n  procedure  has been 
d e s c r i b e d  i n  r e f e r e n c e  1 ,  and a u s e r s '  manual was r e c e n t i y  p u b l i s h e d  ( r e f .  5 ) .  
The purpose o f  t h i s  s e c t i o n  i s  t o  r e v i e w  o n l y  t h o s e  aspec ts  o f  t h e  b a s i c  
method and d e s i g n  process  needed t o  i n t r o d u c e  t h e  i n p u t  parameters  t h a t  a r e  t o  
be c o n t r o l l e d  by  t h e  a u t o m a t i o n  p r o c e d u r e .  A complete d e s c r i p t i o n  o f  t h e  base 
method i s  g i v e n  i n  t h e  above r e f e r e n c e s  and r e f e r e n c e s  t h e r e i n .  
The i n v e r s e  hodograph method c o n s t r u c t s  an a n a l y t i c a l  s o l u t i o n  f o r  t h e  
p o t e n t i a l  flow e q u a t i o n s .  The e q u a t i o n s  for  t h e  p o t e n t i a l  and s t ream f u n c -  
t i o n s  '9. 9, have t h e  hodograph, c a n o n i c a l ,  complex c h a r a c t e r i s t i c  form 
( r e f s .  1 and 2 )  
where 
. q r - 7  z+ = 21 -
P 
The c o m p u t a t i o n a l  complex v a r i a b l e s  5 and q a r e  d e f i n e d  i n  a f i x e d ,  
h o d o g r a p h - l i k e ,  domain by  means of a s o l u t i o n - d e p e n d e n t  confor-mal t r a n s f o r m a -  
t i o n .  The d e t a i l s  o f  t h e  method have been d e s c r i b e d  i n  r e f e r e n c e s  1 and 2.  
The s o l u t i o n  t o  t h e  s y s t e m  ( r e f .  1 )  i s  expressed i n  t h e  form 
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The p o i n t s  ql and q2 cor respond t o  t h e  l o c a t i o n  o f  t h e  ups t ream and 
downstream s i n g u l a r i t i e s ,  r e s p e c t i v e l y .  They a r e  l o c a t e d  a t  t h e  f o c i  ( r e f .  1 )  
of a f i x e d  e l l i p s e  whose boundary cor responds t o  t h e  subson ic  p a r t  o f  t h e  a i r -  
f o i l .  The e c c e n t r i c i t y  of t h i s  e l l i p s e  d e t e r m i n e s  t h e  d i s t a n c e  between these 
two p o i n t s ,  and i s  p r e s c r i b e d  i n  t h e  code by  means o f  a parameter  R ,  t h e  
r a d i u s  o f  a c i r c u l a r  r i n g ,  1 < I z I  < R, t o p o l o g i c a l l y  e q u i v a l e n t  t o  t h e  
e l l i p s e .  By i n c r e a s i n g  or d e c r e a s i n g  t h e  parameter  R ,  t h e  s o l i d i t y  o f  t h e  
cascade u decreases o r  i n c r e a s e s .  The a c t u a l  v a l u e  o f  t h e  s o l i d i t y  i s  p a r t  
o f  t h e  s o l u t i o n ,  hence t h e  n e c e s s i t y  of s u c c e s s i v e  computer r u n s  t o  a d j u s t  t o  
t h e  d e s i r e d  v a l u e .  
A f t e r  t h e  s i n g l e  va luedness o f  t h e  s t ream f u n c t i o n  i s  imposed i n  
e q u a t i o n  ( 2 )  and t h e  c i r c u l a t i o n  o v e r  t h e  a i r f o i l  i s  de termined from t h e  i n p u t  
speed d i s t r i b u t i o n ,  two o t h e r  a r b i t r a r y  c o n s t a n t s  m u s t  be s p e c i f i e d  ( r e f .  1 ) ;  
t h i s  i s  done by means o f  two i n p u t  parameters .  These two parameters ,  MO and 
0, c o n t r o l  t h e  i n l e t  Mach number, M 1  and i n l e t  a i r  a n g l e  131 and have t o  be 
m o d i f i e d  a p p r o p r i a t e l y  u n t i l  t h e  d e s i r e d  v a l u e s  of M i  and 131 a r e  ach ieved.  
I t  was s t a t e d  i n  r e f e r e n c e  1 t h a t  t h e  e l l i p t i c  t r a n s f o r m a t i o n  i n t r o d u c e d  
t h e r e  has t h e  p r o p e r t y  t h a t  each o f  t h e  i n p u t  parameters  R ,  Mo, and 0 have 
a dominant e f f e c t  o v e r  each o f  t h e  o u t p u t  parameters  u, M i ,  and 01, respec-  
t i v e l y .  I t  i s  t h i s  p r o p e r t y  o f  t h e  e l l i p t i c  mapping t h a t  i s  e x p l o i t e d  i n  t h e  
Newton i t e r a t i o n  p r o c e s s .  
A s  p a r t  o f  t h e  s o l u t i o n ,  t h e  body shape i s  f o u n d  by  u s i n g  t h e  i n t e g r a l  
The r e s i d u e  of t h i s  i n t e g r a l ,  g i v e n  by  t h e  v e c t o r  
dx + i dy , ( 4 )  
i s  a n o t h e r  o u t p u t  q u a n t i t y  o f  t h e  d e s i g n  code, i t  cor responds t o  t h e  t r a i l i n g  
edge opening.  The a u t o m a t i o n  procedure  a d j u s t s  t h e  normal and s t reamwise  com- 
ponents o f  t h i s  v e c t o r  u n t i l  t h e  d e s i r e d  t r a i l i n g  edge t h i c k n e s s  d n t e  i s  
o b t a i n e d ,  w h i l e  t h e  s t reamwise t r a i l i n g  edge gap 
T h i s  produces a sharp t r a i l i n g  edge c u t  normal t o  t h e  l o c a l  f l ow  d i r e c t i o n  and 
a p r e s c r i b e d  t r a i l i n g  edge t h i c k n e s s .  
d s t e  i s  f o r c e d  t o  v a n i s h .  
INPUT SPEED DISTRIBUTION 
D u r i n g  manual o p e r a t i o n  o f  t h e  d e s i g n  code t h e  d e s i g n  g o a l s  U, MI, and 
01 a r e  ach ieved by a c t i n g  on  t h e  i n p u t  parameters  R ,  Mg, and 0 p r e v i o u s l y  
d e s c r i b e d .  N e x t ,  t h e  i n p u t  p r e s s u r e  d i s t r i b u t i o n  i s  a d j u s t e d  t o  o b t a i n  t h e  
necessary f low t u r n i n g  
( r e f .  1 ) .  The f low t u r n i n g  i s  a d j u s t e d  by  v a r y i n g  t h e  l i f t  and t h e  t r a i l i n g  
edge gap by m o d i f y i n g  t h e  t r a i l i n g  edge speed and t h e  r e l a t i v e  a r c  l e n g t h  o f  
t h e  b l a d e  s u c t i o n  and p r e s s u r e  s i d e s .  
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A13 and t h e  d e s i r e d  t r a i l i n g  edge gap c o n d i t i o n  
I n  o r d e r  t o  be e f f e c t i v e ,  t h e  a u t o m a t i o n  procedure  must be a b l e  t o  use a 
f a m i l y  o f  p r e s s u r e  d i s t r i b u t i o n s  de f ined by as few parameters  as p o s s i b l e ,  b u t  
w i t h  s u f f i c i e n t  v e r s a t i l i t y  t o  produce t h e  d e s i r e d  geometry .  
t h e  speed d i s t r i b u t i o n  i s  d e f i n e d  by p i e c e w i s e  p o l y n o m i n a l  c u r v e s  w i t h  a l l  i t s  
c o e f f i c i e n t s  except  t h r e e  f i x e d  beforehand. 
f e r e n t  p o l y n o m i a l s  can be chosen. I n  p a r t i c u l a r ,  B e z i e r  p o l y n o m i a l s  have 
proven t o  be c o n v e n i e n t  for t h e  p r e s e n t  work. 
I n  t h i s  work, 
For each t y p e  o f  a p p l i c a t i o n ,  d i f -  
F i g u r e  1 r e p r e s e n t s  a g e n e r i c  speed d i s t r i b u t i o n  a p p r o p r i a t e  for a x i a l  
compressor b l a d e s .  I n  t h i s  c u r v e ,  t h e  t r a i l i n g  edge speed Q t e  and t h e  a r c  
l e n g t h  o f  e i t h e r  t h e  s u c t i o n  or p r e s s u r e  s i d e  a r e  l e f t  as f r e e  parame- 
t e r s  on wh ich  t h e  automated procedure  can a c t .  A t h i r d  f r e e  parameter  QM i s  
s e t  as t h e  d i f f e r e n c e  between t h e  peak speed on t h e  s u c t i o n  and p r e s s u r e  s i d e s  
and by c o n t r o l l i n g  t h e  a r e a  under  t h e  curve ,  i t  has a d i r e c t  e f f e c t  on  t h e  l i f t  
imposed by t h e  speed d i s t r i b u t i o n .  
S te  
I t  i s  w o r t h w h i l e  t o  n o t e  h e r e  t h a t  o t h e r  parameters  c o u l d  a l s o  be l e f t  
f r e e ,  t h u s  i n c r e a s i n g  t h e  number o f  independent  v a r i a b l e s  i n  t h e  Newton i t e r -  
a t i o n .  For  i n s t a n c e ,  t h e  s l o p e  of t h e  speed d i s t r i b u t i o n  a t  t h e  l e a d i n g  edge 
has a d i r e c t  e f f e c t  on t h e  maximum t h i c k n e s s  o f  t h e  a i r f o i l ,  and c o u l d ,  con- 
c e i v a b l y ,  be added as a new f r e e  parameter .  But ,  as s t a t e d  e a r l i e r ,  t h e  s i x  
f r e e  d e s i g n  parameters p r e v i o u s l y  d e s c r i b e d  have t h e  i m p o r t a n t  p r o p e r t y  t h a t  
each has a dominant  e f f e c t  on one of t h e  d e s i g n  o b j e c t i v e s  w i t h  o n l y  a second- 
a r y  e f f e c t  on t h e  o t h e r s .  
The new form of d e f i n i t i o n  of t h e  speed d i s t r i b u t i o n ,  wh ich  i s  e s s e n t i a l  
t o  t h e  a u t o m a t i o n  procedure ,  has t h e  a d d i t i o n a l  advantage of making t h e  d e s i g n  
process  l e s s  s e n s i t i v e  t o  s p u r i o u s  f l u c t u a t i o n s  i n  t h e  speed d i s t r i b u t i o n  t h a n  
when i t  was d e f i n e d  by a c u b i c  s p l i n e ,  as i t  was p r e v i o u s l y  done on t h e  b a s i c  
code. Besides,  t h i s  new mode of d e f i n i n g  t h e  speed d i s t r i b u t i o n  does n o t  
seems t o  impose any l i m i t a t i o n  o v e r  t h e  p o s s i b i l i t i e s  o f  t h e  u n d e r l y i n g  code. 
I n  f a c t ,  because of t h e  c a p a b i l i t y  of making l o c a l  changes i n  t h e  areas  
needed, i t  promise t o  enhance these p o s s i b i l i t i e s .  
AUTOMATION 
Cons ider  t h e  s o l u t i o n  t o  t h e  flow e q u a t i o n s ,  g e n e r a t e d  b y  each c y c l e  o f  
t h e  i n v e r s e  code, as a v e c t o r  v a l u e d  f u n c t i o n  
j = f ( i >  , 
where 
i s  t h e  v e c t o r  formed w i t h  N = 6 i n p u t  parameters  and 
y(o,M1,P1,43,dnte,dste) 
(5) 
(7) 
i s  t h e  v e c t o r  of o u t p u t  c o n d i t i o n s .  The o b j e c t i v e  f u n c t i o n  for t h e  a u t o m a t i o n  
procedure  i s  t h e  v e c t o r  
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o f  s p e c i f i e d  o u t p u t  c o n d i t i o n s .  
A Newton i t e r a t i o n  i s  e s t a b l i s h e d  to  s o l v e  t h e  v e c t o r  e q u a t i o n  
by  means o f  t h e  r e l a t i o n  
where J i s  t h e  Jacob ian  m a t r i x  
J = (a) 
(10) 
( 1 1 )  
The n u m e r i c a l  e v a l u a t i o n  of t h e  J a c o b i a n  m a t r i x  J r e q u i r e s  N + 1 
c y c l e s ,  one t o  c a l c u l a t e  t h e  s t a r t i n g  p o i n t  and N more, i n  which a l l  b u t  one 
o f  t h e  independent  v a r i a b l e s  a r e  f r o z e n ,  t o  compute t h e  p a r t i a l  d e r i v a t i e s  i n  
J .  Once t h e  Jacob ian  m a t r i x  has been e v a l u a t e d ,  i t  can be i n v e r t e d  and t h e  
new i n p u t  v e c t o r  Xn+l i s  c a l c u l a t e d .  The process  can t h e n  be r e p e a t e d  u n t i l  
a g i v e n  t o l e r a n c e  
To1 = m a x l ( y  - j o > i I , i  = l , N  ( 1 2 )  
i s  ach ieved.  
Each i t e r a t i o n  s t e p  c o n s i s t s  o f  N + 1 c y c l e s  and y i e l d s  a second o r d e r  
a c c u r a t e  method. We have f o u n d  t h a t  f a s t e r  convergence can be o b t a i n e d  by  
f r e e z i n g  t h e  Jacob ian  J a f t e r  t h e  first N + 1 c y c l e s  have been per fo rmed.  
A l t h o u g h ,  i n  t h i s  case, t h e  method i s  t h e n  first o r d e r  a c c u r a t e ,  o n l y  one 
c y c l e  i s  r e q u i r e d  p e r  i t e r a t i o n  s t e p .  I n  e i t h e r  case, some r e l a x a t i o n  i s  
added f o r  s t a b i l i t y  purposes .  
The method converges w e l l ,  a b o u t  f o r t y  c y c l e s  a r e  enough t o  b r i n g  t h e  t o l -  
erance,  12, be low a v a l u e  o f  I n  subson ic  b l a d e  d e s i g n  t h e  procedure  i s  
r o b u s t  and, p r o v i d e d  t h a t  a j u d i c i o u s  c h o i c e  i s  made, i t  w i l l  converge t o  t h e  
d e s i r e d  s o l u t i o n  even from a r e l a t i v e l y  d i s t a n t  i n i t i a l  guess. 
EXAMPLES 
I n  t h i s  s e c t i o n ,  s e v e r a l  examples a r e  p r e s e n t e d  which have been developed 
t o  t e s t  t h e  a u t o m a t i o n  p r o c e d u r e .  A l l  t h e  examples p r e s e n t e d  use t h e  same 
i n p u t  speed d i s t r i b u t i o n  shown i n  f i g u r e  1 .  A s  s t a t e d  e a r l i e r ,  t h i s  speed d i s -  
t r i b u t i o n  i s  d e f i n e d  w i t h  o n l y  t h r e e  f r e e  parameters ,  Q t e ,  S t e ,  and 
which t h e  a u t o m a t i o n  can a c t .  The a u t o m a t i o n  w i l l  search w i t h i n  t h i s  t h r e e -  
parameters f a m i l y  u n t i l  a speed d i s t r i b u t i o n  i s  found t h a t  ach ieves  t h e  o b j e c -  
t i v e  f u n c t i o n .  I n  so d o i n g ,  t h e  speed d i t r i b u t i o n  shape w i l l  change a c c o r d i n g  
t o  t h e  changes imposed on t h e  parameters  Q t e ,  S t e ,  and QM by  t h e  automated 
procedure .  
QM, on 
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One i m p o r t a n t  p o i n t  t h a t  t h e  examples show i s  t h a t  s t a r t i n g  from t h e  same 
i n i t i a l  guess o f  speed d i s t r i b u t i o n  a b r o a d  range o f  a i r f o i l s  can be o b t a i n e d .  
A f l a t  t o p  speed d i s t r i b u t i o n  has been chosen, wh ich  i s  r e p r e s e n t a t i v e  o f  a 
d e s i g n  p h i l o s o p h y .  A c c e l e r a t e d  p r o f i l e s ,  for i n s t a n c e ,  c o u l d  e q u a l l y  have 
been chosen and would r e s u l t  i n  d i f f e r e n t  b l a d e  shapes. 
A s  a f i r s t  example, a s t a t o r  b l a d e  for a low speed fan i s  chosen. Four 
s e c t i o n s  a r e  des igned,  a l l  w i t h  an i n l e t  Mach number o f  0.3 and i n l e t  a i r  
a n g l e s  o f  45",  40", 35", and 30" from hub t o  t i p .  The f o u r  s e c t i o n s ,  r a d i a l l y  
e q u i d i s t a n t ,  have s o l i d i t i e s  v a r y i n g  f r o m  2 a t  t h e  hub t o  1 a t  t h e  t i p .  I n  
a l l  s e c t i o n s ,  t h e  f low i s  r e q u e s t e d  t o  t u r n  t o  t h e  a x i a l  d i r e c t i o n .  
The same i n i t i a l  guess i s  used f o r  a l l  s e c t i o n s ,  and an i n v i s c i d  t r a i l i n g  
edge t h i c k n e s s  o f  3 p e r c e n t  i s  imposed i n  a l l  o f  them. F i g u r e s  2 ( a )  t o  5 ( a >  
show t h e  i n v i s c i d  a i r f o i l  and o u t p u t  s u r f a c e  Mach number d i s t r i b u t i o n  a t  t h e  
d e s i g n  p o i n t .  F i g u r e s  2 ( b >  t o  5 ( b >  p r e s e n t  t h e  cascade p l a n e  w i t h  t h e  body 
shape a f t e r  t h e  boundary l a y e r  has been s u b t r a c t e d .  
The n e x t  example ( f i g s .  6 t o  9 )  c o n s i s t s  of a h i g h e r  speed b l a d e ,  i n l e t  
Mach number o f  0 . 5 ,  and w i t h  t h e  same a i r  i n l e t  a n g l e s ,  f low t u r n i n g  and s o l i d -  
i t i e s  as t h e  p r e v i o u s  case.  A l l  t h e  o b j e c t i v e s  were ach ieved,  b u t  t h e  hub sec- 
t i o n  p r e s e n t e d  an e x c e s s i v e  amount o f  d i f f u s i o n  when a t r a i l i n g  edge t h i c k n e s s  
o f  3 p e r c e n t  was s p e c i f i e d .  T h i s  s e c t i o n  was t h e n  r e d e s i g n e d ,  impos ing  an 
i n v i s c i d  t r a i l i n g  edge t h i c k n e s s  o f  3.5 p e r c e n t .  
F i n a l l y ,  a t r a n s o n i c ,  shock- f ree ,  t i p  s e c t i o n  i s  des igned w i t h  t h e  same 
f l ow  c o n d i t i o n s  as t h e  t i p  s e c t i o n s  i n  t h e  two p r e v i o u s  cases,  b u t  w i t h  an 
i n l e t  Mach number o f  0.7 ( f i g .  10). A l t h o u g h  t h e  d e s i g n  i s  a c h i e v e d ,  i t  
r e q u i r e d  an i n i t i a l  guess c l o s e r  t o  t h e  d e s i g n  p o i n t .  The parameter  M o  has 
t o  be chosen w e l l  under  t h e  v a l u e  t h a t  produces t h e  o b j e c t i v e  d e s i g n ,  i n  o r d e r  
t o  o b t a i n  first a subson ic  b l a d e  of a p p r o x i m a t e l y  t h e  same s o l i d i t y ,  i n l e t  a i r  
a n g l e  and f low t u r n i n g .  The s h o c k - f r e e  d e s i g n  p r o b l e m  i s  i n t r i n s i c a l l y  d i f f e r -  
e n t  from t h e  subson ic  d e s i g n  and s p e c i a l  c a r e  has t o  be e x e r c i s e d  t o  produce a 
r e l e v a n t  case. A l t h o u g h  t h e  method s o l v e s  a m a t h e m a t i c a l l y  w e l l  posed prob-  
l e m ,  see r e f e r e n c e  1 and r e f e r e n c e s  t h e r e i n ,  t h e r e  i s  no  guarantee  t h a t  e v e r y  
g i v e n  p r e s s u r e  d i s t r i b t u i o n  w i l l  p roduce a p h y s i c a l l y  mean ing fu l  shock-free 
s o l u t i o n ,  hence t h e  n e c e s s i t y  o f  s t a r t i n g  from a r e a s o n a b l e  guess.  
CONCLUSION 
I n  t h i s  paper ,  t h e  automated d e s i g n  o f  c o n t r o l l e d  d i f f u s i o n  b l a d e s  i s  
p r o v e n  t o  be f e a s i b l e .  For t h i s  purpose,  an a u t o m a t i o n  procedure  has been 
deve loped f o r  t h e  d e s i g n  of a x i a l  t u r b o m a c h i n e r y  b l a d i n g  t o  be used i n  con junc-  
t i o n  w i t h  an i n v e r s e  hodograph d e s i g n  code. W i t h  t h i s  automated d e s i g n  method, 
t h e  i n l e t  Mach number, i n l e t  a i r  f l ow  a n g l e ,  a i r  f low t u r n i n g ,  s o l i d i t y  and 
t r a i l i n g  edge t h i c k n e s s  of  a cascade o f  a i r f o i l s  a r e  p r e s c r i b e d .  
A p p l i c a t i o n s  t o  a x i a l  compressor s t a t o r  b l a d e  d e s i g n  a r e  p r e s e n t e d .  Two 
subson ic  b l a d e s ,  each composed o f  f o u r  s e c t i o n s ,  and one t r a n s o n i c  b l a d e  sec- 
t i o n  a r e  p r e s e n t e d .  A l l  cases a r e  produced w i t h  a s i n g l e  i n p u t  speed d i s t r i b u -  
t i o n ,  d e f i n e d  b y  t h r e e  f r e e  parameters ,  on  which t h e  a u t o m a t i o n  p r o c e d u r e  a c t s  
t o  y i e l d  t h e  d i f f e r e n t  b l a d e  s e c t i o n s .  
7 
REFERENCES 
1 .  Sanz, J.M., "Design of Supercritical Cascades With High Solidity," AIAA 
Journal, Vol. 21, No. 9, 
Sept. 1983, pp. 1289-1293. 
2. Bauer, F . ,  Garabedian, P . ,  and Korn, D., Supercritical Wing Sections 111, 
Springer-Verlag, New York, 1977. 
3. Sanz, J.M., "Improved Design of Subcritical and Supercritical Cascades 
Using Complex Characteristics and Boundary-Layer Correction," AIAA 
Journal, Vol. 22, No. 7, July 1984, pp. 950-956. 
Guide Vane Cascade that Operates Over an Inlet Flow Angle Range of 60"," 
Journal of Engineering for Gas Turbines and Power, Vol. 107, No. 2, Apr. 
4. Sanz, J.M., et al., "Design and Performance of a Fixed, Nonaccelerating 
1985, pp. 477-484. 
5. Sanz, J.M., "Lewis Inverse Design Code (LINDES) - Users Manual," NASA 
TP-2676, 1987. 
FIGURE 1. - GENERIC SURFACE SPEED DISTRIBUTION. 
t 
+ 
M I  0 . 2 9 9  
B E T 1  2 9 . 9 9  
M 2  0.263 
O.OJ .+ B E T 2  0.03 
DELB 2 9 . 9 7  
SOL 1.00 
THCR 0 . 0 9 9  
ONTE 0 . 0 3 0  
D S T E  -0.001 r LOSS lEV 0.018 o - 2 0   
(a) (b) 
FIGURE 2. - LOU SPEED STATOR T I P  SECTION. 
0.0 O m l l  + 
M I  0 . 2 9 9  
B E T 1  35.01 
OEL0 34.97 
SOL 1.19 
THCP 0.112 
OWTE 0.020 
DSTE -0.001 
TEV 0.018 
LOSS 0.025 
FIGURE 3. - LOU SPEED STATOR MID-TIP SECTION. 
9 
n 
111 0.300 + 
0 . j  + 
L O !  + 
BETI W . 0 3  
112 0 . 2 3 6  
B E T 2  0.03 
OELB W.00 
SOL 1.62 
THCR 0.129 
ONTE 0 . 0 3 0  
(a )  (b) 
FIGURE 4. - LOW SPEED STATOR RID-HUB SECTION. 
M I  0 . 3 0 0  
BET 45.00 
n 2  0 . 2 2 0  ::d : BET2 -0.01 
OELB %::: 
SOL 
THCR 0.139 
ONTE 0.030 
( a )  (b) 
FIGURE 5 .  - LOU SPEED STATOR HUB SECTION. 
10 
I 0.1 HI 0 . 4 9 9  BE11 2 9 . 9 8  M2 O. ' t29 
0 . J  + BET2 0.01 
DELE 2 9 . 9 7  
SOL 1.00 
THCR 0.115 
DNTE 0.030 
OSTE -0.000 
L O S S  0.019 
( a )  (b) 
FIGURE 6. - MID SPEED STATOR TIP SECTION. 
0 . 5  :I "'"k 
+ 
0.3 3 
0. I 
0.0 G.l + ' H I  0.500 B E T I  3 9 . 9 8  
D E L E  35.04 
S O L  1 .19  
I H C R  0 . 1 2 9  
ONTE 0 .030 
( a )  (b)  
FIGURE 7. - MID SPEED STATOR MID-TIP SECTION. 
11 
0.2 
0 . 3 1  f 
M I  0.500 
B E T I  40.01 
M 2  0 . 3 7 7  :::j + 
T H C R  0 . 1 1 6  
O N T E  0.030 
( a )  (b) 
v&RE 8. - MID SPEED STATOR MID-HUB SECTION. 
H 
1.7- 
0.5- 
0.3- 
+ M I  0 .498  
H 2  0.349 
B E T 2  0 .37  
O N T E  0 . 0 3 4  
( a )  ( b )  
FIGURE 9. - HID SPEED STATOR HUB SECTION. 
12  
0.2- 
0.1- 
M I  
B E T !  
M Z  
0.700 
B E 1 2  0.03 
O E L B  30 .01  
S O L  1.00 
T H C R  0.102 
D N l E  0 . 0 3 0  
D S l E  - 0 . 0 0 1  
1 E V  0 . 0 1 9  
L O S S  0 .020  
(a 1 ( b )  
FIGURE 10. - TRANSONIC STATOR SECTION. 
I 
13 
NASA alinnal Aeranamcs and Report Documentation Page 
1 Report No 
NASA TM- 10025 1 
2 Government Accession No 
Automated Des ign  o f  C o n t r o l l e d  D i f f u s i o n  B lades  
17. Key Words (Suggested by Author(s)) 
Des ign tu rbomach inery ;  Compressors;  
Cascades; Automat ion ;  I n v e r s e  d e s i g n  
~- 
7. Author@) 
18. Distribution Statement 
U n c l a s s i f i e d  - U n l i m i t e d  
S u b j e c t  Category  02 
Jos6 M .  Sanz 
19. Security Classif. (of this report) 20. Security Classif. (of this page) 
Unc l  ass i f i ed U n c l a s s i f i e d  
9. Performing Organization Name and Address 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C l e v e l a n d ,  O h i o  44135-3191 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Washington, D . C .  20546-0001 
12. Sponsoring Agency Name and Address 
21. No of pages 22. Price' 
1 4  A0 2 
3. Recipient's Catalog No 
5. Report Date 
6. Performing Organization Code 
8. Performing Organization Report No. 
E-3877 
10. Work Unit No. 
505-63-21 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
T e c h n i c a l  Memorandum 
14. Sponsoring Agency Code 
15. Supplementary Notes 
Prepared f o r  t h e  3 3 r d  I n t e r n a t i o n a l  Gas T u r b i n e  and Aero-Engine Congress ana 
E x p o s i t i o n  sponsored by  t h e  American S o c i e t y  o f  Mechan ica l  Eng ineers ,  Amsterdam, 
The N e t h e r l a n d s ,  June 5-9, 1988. 
16. Abstract 
A n u m e r i c a l  a u t o m a t i o n  procedure  has been deve loped t o  be used i n  c o n j u c t i o n  
w i t h  an i n v e r s e  hodograph method f o r  t h e  d e s i g n  o f  c o n t r o l l e d  d i f f u s i o n  b l a d e s .  
W i t h  t h i s  p rocedure  a cascade o f  a i r f o i l s  w i t h  a p r e s c r i b e d  s o l i d i t y ,  i n l e t  Mach 
number, i n l e t  a i r  flow a n g l e  and a i r  flow t u r n i n g  can be produced a u t o m a t i c a l l y .  
The t r a i l i n g  edge t h i c k n e s s  o f  t h e  a i r f o i l ,  an i m p o r t a n t  q u a n t i t y  i n  i n v e r s e  
methods, i s  a l s o  p r e s c r i b e d .  The a u t o m a t i o n  p r o c e d u r e  c o n s i s t s  o f  a m u l t i -  
d i m e n s i o n a l  Newton i t e r a t i o n  i n  wh ich  t h e  o b j e c t i v e  d e s i g n  c o n d i t i o n s  a r e  
ach ieved by  a c t i n g  on  t h e  hodograph i n p u t  parameters  o f  t h e  u n d e r l y i n g  i n v e r s e  
code. The method, a l t h o u g h  more g e n e r a l  i n  scope, i s  a p p l i e d  i n  t h i s  paper t o  
t h e  d e s i g n  o f  a x i a l  f low compressor b l a d e  s e c t i o n s ,  and a wide range o f  examples 
i s  p r e s e n t e d .  
